Introduction
In clinical practice, [ , GE Healthcare, Glattbrugg, Switzerland) single-photon emission computed tomography (SPECT) imaging is widely used to study pre-synaptic dopaminergic changes [1, 2] . DaTSCAN ® is useful to differentiate degenerative forms of parkinsonism, i.e., Parkinson's disease (PD), progressive supranuclear palsy (PSP), dementia with Lewy body (DLB), and multiple system atrophy (MSA), from non-degenerative parkinsonisms, namely drug-induced parkinsonism (DIP), psychogenic parkinsonisms (PP), or essential tremor [3] [4] [5] [6] . From a clinical point of view, image assessment has been focused on the evaluation of striatal regions, considering the high affinity of [ 123 I]FP-CIT for presynaptic dopamine transporters (DAT) in these regions [7] [8] [9] . However, as previously suggested by studies (using beta-CIT or FP-CIT, both targeting dopamine transporter) [10, 11] in nonhuman primates [12] , in healthy subjects [13] , and in pharmacological studies [1, 14] , [ 123 I]FP-CIT could be useful for the evaluation of other monoaminergic systems (i.e., serotonine transporter, SERT, norepinephrine transporter, NET) [15, 16] , in extrastriatal regions (cortical and midbrain) [17] [18] [19] [20] .
Striatal [ 123 I]FP-CIT binding (primarily related to nigrostriatal neuron integrity) can be evaluated by a number of different methods. Region-of-interest (ROI) approach is based on a semi-quantitative analysis of the striatal region compared to a reference (occipital) region, normalizing all images to a standardized [
123 I]FP-CIT template derived from healthy subjects: a validated procedure is implemented in the BRASS™ software (Brain Registration & Analysis Software Suite, Hermes Medical Solutions, Stockholm, Sweden; http://www.hermesmedical.com/products/hybridnm-processing/brass.html) [21] [22] [23] . Furthermore, a wholebrain approach based on statistical parametric mapping for SPECT [
123 I]FP-CIT imaging has been proposed [24] [25] [26] , with the possibility to perform voxel-wise studies on different groups of subjects with different statistical paradigms and with the possibility to explore extra-striatal regions [27] [28] [29] [30] .
Source blind separation through independent component analysis (ICA) has been widely used in functional neuroimaging, in particular for functional magnetic resonance imaging (fMRI) [31] . This statistical method efficiently separates multivariate signals into non-overlapping spatial and time components and is able to capture functional/ metabolic brain areas that are Bworking together,^thus representing functional brain neural networks [32] . In a datadriven fashion, ICA allows the removal of a great proportion of data noise, improving the signal-to-noise ratio [33] . More recently, ICA approach has been successfully applied to structural data (named source-based morphometry, SBM) [34, 35] , relying on the assumption that functionally correlated brain regions show greater concordance on structural measures as a result of mutually trophic influences or common experience-related plasticity [36, 37] . In contrast with the univariate approach of SPM (detecting the mean difference between two groups), SBM is based on a multivariate paradigm and considers the relationship among voxels, grouping them into Bneurotransmission^networks. 
Methods

Subjects
Consecutive patients with PD diagnosis according to UK Parkinson's disease Society Brain Bank clinical criteria [38] and supported by at least 1-year follow-up were recruited from the Neurology Unit, Department of Clinical and Experimental Sciences, University of Brescia, Italy. All individuals underwent routine laboratory analyses and brain structural MRI. A standardized neurological examination was carried out, including the Unified Parkinson Disease Rating Scale (UPDRS-III) and Mini Mental State Examination (MMSE).
Patients with history of alcohol or drug abuse were excluded from the study. As control group (CG), a series of patients with clinical diagnosis of tremor syndrome [23, 39] (all with a visually and quantitatively (BRASS analysis) normal [
123 I]FP-CIT imaging) were considered. Written informed consent from the subject was obtained for each procedure. The research protocol has been approved by the Ethics Committee of the Brescia Hospital, Brescia, Italy.
SPECT Imaging
Protocol acquisition of SPECT with [ ) images as well as region-of-interest analysis with BRASS™ software have been described elsewhere [27] . In the present work, BRASS analysis was used to characterize and classify subjects accordingly to [
123 I]FP-CIT striatal binding (reduced in PD patients as index of neurodegenerative parkinsonian syndrome, within normal range in subjects belonging to CG). Between-group (PD vs CG) differences were evaluated by univariate general linear model, considering age and gender as nuisance variables. Statistical threshold was set at p G 0.05 [21, 27] .
Two [41] . ii) SBM: SBM was initially described to study co-varying patterns of alterations in structural MRI (i.e., gray matter density [34] , cortical thickness [42] , fractional anisotropy [35] ) in different conditions like healthy aging [43] , schizophrenia [34, 44] , and Parkinson's disease [45] . ]FP-CIT binding variation across subjects into sources of common variance, considering a subjects-by-voxels data matrix. In line with the original paper on SBM [34] , to obtain a common set of sources, ordered in the same way among different subjects, a group ICA (considering all subjects: PD and CG group) was calculated by GIFT toolbox (GroupICAT v4.0a; http:// mialab.mrn.org/software/gift/index.html) [46] , with neural network algorithm (Infomax) that attempts to minimize the mutual information of the network outputs [47] ; the number of sources was set to 30, and the statistical reliability of the source decomposition was tested by using the ICASSO toolbox [48] by running Infomax 10 times with different initial conditions and bootstrapped data sets. Individual source maps were converted to Z scores before entering group statistics, to obtain voxel values comparable across subjects. As previously described for SBM [34] , the mixing matrix (containing the loading parameters for each subject and for each source) was used for statistical analyses, testing the difference between PD and CG groups, considering age and gender. The statistical threshold was set at p G 0.05 with whole-brain FDR correction for multiple comparisons [41] . As previously described [34] , source matrix was used for visualization, scaling each map to unit standard deviation (SBM Z map) and threshold at |Z| 9 3.0. The maps of significant sources were then superimposed onto the MNInormalized template brain. 
Statistical Analysis
Comparisons of demographic and clinical characteristics between groups (PD vs CG) were assessed by Studentʼs t test for continuous variables and χ 2 test for categorical variables; significance level was set at p G 0.05. The data were analyzed by IBM SPSS Statistics 22.0 for Windows.
Results
Demographic and clinical characteristics of PD and CG are reported in Table 1 . Age and gender were significantly different among PD and CG, and they were considered as nuisance variables in the analyses. BRASS analysis demonstrated significant (p G 0.001) putamen and caudate [
123 I]FP-CIT binding reduction in PD compared to CG (Table 1) . SPM analysis (whole-brain voxel-wise univariate approach) showed a single cluster (109,880 voxels, p G 0.05 FDR whole brain) of bilateral basal ganglia reduction in PD (x,y,z: −26, −6, 2; T = 17.23, left putamen; x,y,z: 26, −6, 4; T = 14.57, right putamen; x,y,z: −16, 16, 0; T = 9.35, left caudate; x,y,z: 14, 16, 2; T = 9.20, right caudate), with no evidence of extrastriatal differences between groups (Fig. 1) When the multivariate SBM method was considered, the visual inspection of the 30 estimated sources highlighted obvious artifacts (i.e., signal near the external boundary of the brain or appearing primarily in ventricles or white matter areas) of 24 sources. Six sources of non-artefactual origin were then considered (see Fig. 2 ) including basal ganglia and cortical regions (frontal, temporal, and occipito-parietal) as well as brainstem (pons-midbrain). Among them, three sources presented loading scores (as index of [
123 I]FP-CIT binding) significantly different between PD and CG ( Table 2 ). In particular, sources 8 and 23 included basal ganglia (putamen, caudate, thalamus) bilaterally, as well as cortical areas such as anterior cingulate, insula, and frontal regions, whereas source 21 was characterized by a leftpredominant involvement of basal ganglia/cortical areas. Notably, even if not significantly different between PD and CG, the remaining three non-artifactual sources involved frontal (source 10), brainstem (source 17), and occipitotemporal (source 18) regions.
Discussion
In the present work, we explored the potential application of the multivariate approach of SBM to [
123 I]FP-CIT SPECT imaging, taking advantage of the source blind separation procedure of ICA [31, 34] . After ICA estimation, six nonartefactual sources have been identified. In particular, three Table 2 for details about the components significantly different between PD and CG. All the spatial components were thresholded at Z = 3.0. Spatial patterns were superimposed on a standardized MRI T1 3D template. R right. Montreal Neurological Institute of standardized space is shown below of each slice. R right, PD Parkinson's disease, CG control group, SBM source-based morphometry. 123 I]FP-CIT imaging was able to explore molecular fronto-striatal connectivity, as previously reported [27, 28] . As already mentioned, voxels carrying similar information were grouped by ICA in sources that can be considered as Bneurotransmission^patterns, reflecting a similar [
123 I]FP-CIT binding in the different areas [34] . Beyond basal ganglia, the sources (10, 17, and 18) [24, [51] [52] [53] [54] [55] [56] , combining information for both striatal and extrastriatal regions to perform the differential diagnosis [57] . For instance, source 17, which maps brainstem, may result useful to PSP diagnosis; on the other side, source 18, mapping occipital regions, may in turn be potentially helpful in DLB diagnosis.
Even if SBM represents a feasible approach for the analysis of [
123 I]FP-CIT imaging from a methodological point of view (as already reported for MRI structural data), the possibility of Bpathological^sources of signal [34] .
Several limitations should be considered in the interpretation of the results: first of all, the control group (CG) consisted of patients with a clinical diagnosis of tremor syndrome and negative DATSCAN imaging, rather than healthy subjects. Second, at this (mainly methodological) stage, the interpretation of results is putative, in particular, for sources (10, 17, 18) 
